THE ARTERIAL BAROREFLEX IS an important negative feedback system that stabilizes systemic arterial pressure (AP) against exogenous disturbances in daily activities. The sympathetic limb of the arterial baroreflex system may be analyzed by dividing it into two principal subsystems (23) . One is a controller subsystem that describes the relationship between baroreceptor pressure input and efferent sympathetic nerve activity (SNA). The other is an effector subsystem that describes the relationship between SNA and AP. Hereafter, in this article, we refer to the former as the neural arc and the latter as the peripheral arc (9) . In normal physiological conditions, changes in AP affect SNA via the neural arc, and the changes in SNA, in turn, affect AP via the peripheral arc. This closed-loop operation makes it difficult to identify the dynamic characteristics of the neural and peripheral arcs separately (see APPENDIX) (18) . To circumvent the closed-loop problem, the carotid sinus baroreceptor regions were isolated from the systemic circulation, and open-loop transfer function analyses were performed in anesthetized rabbits (9) and rats (31) . In both species, the neural arc revealed "derivative" characteristics, which means that the dynamic gain of the SNA response becomes greater as the frequency of modulation increases. In contrast, the peripheral arc showed "low-pass" characteristics, which means that the dynamic gain of the AP response becomes smaller as the frequency of modulation increases. It has been interpreted that the fast neural arc partially compensates for the slow peripheral arc to improve the speed of response of the total baroreflex system (9) .
In chronic hypertension, the arterial baroreflex is reset to operate in a higher pressure range (2) . Both carotid sinus (24) and aortic baroreceptors (30) show the resetting in spontaneously hypertensive rats (SHR). Although changes in vascular properties induced by sustained hypertension, such as reduced distensibility, may decrease the baroreflex sensitivity, the dynamic characteristics of AP regulation by the arterial baroreflex in hypertension are not fully understood. In a previous study, Harada et al. (7) have shown that the baroreflex neural arc retains its derivative characteristics in SHR. Since they perturbed AP by aortic balloon inflation and deflation, they were unable to quantify the dynamic AP response to changes in SNA (i.e., the peripheral arc). As a result, the total profile of the dynamic AP regulation in SHR remains to be clarified. The aim of the present study was to comprehensively identify the dynamic characteristics of the neural arc, peripheral arc, and total baroreflex in SHR and compare them with those estimated in normotensive Wistar Kyoto rats (WKY).
MATERIALS AND METHODS
Animals were cared for in strict accordance with the Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences, which has been approved by the Physiological Society of Japan. All experimental protocols were reviewed and approved by the Animal Subjects Committee at the National Cerebral and Cardiovascular Center.
Surgical preparation. Main experiments were performed in agematched male WKY (n ϭ 7, 21.6 Ϯ 3.7 wk) and SHR (n ϭ 6, 22.2 Ϯ 4.5 wk). Each rat was anesthetized with an intraperitoneal injection (2 ml/kg) of a mixture of urethane (250 mg/ml) and ␣-chloralose (40 mg/ml), and mechanically ventilated with oxygen-enriched room air. A venous catheter was inserted into the right femoral vein, and the above anesthetic mixture, diluted 20-fold, was administered continuously (2-3 ml·kg Ϫ1 ·h Ϫ1 ). An arterial catheter was inserted into the right femoral artery to measure AP. Heart rate (HR) was obtained from AP through a cardiotachometer. Another venous catheter was inserted into the left femoral vein to infuse Ringer solution (6 ml·kg Ϫ1 ·h Ϫ1 ). A postganglionic branch from the splanchnic sympathetic nerve was exposed through a left flank incision and a pair of stainlesssteel wire electrodes (Bioflex wire AS633; Cooner Wire, Chatsworth, CA) was attached to record SNA. The nerve and electrodes were covered with silicone glue (Kwik-Sil; World Precision Instruments, Sarasota, FL, USA) for insulation and fixation. To quantify the nerve activity, the preamplified nerve signal was band-pass filtered at 150 -1,000 Hz, and then full-wave rectified and low-pass filtered with a cut-off frequency of 30 Hz. Pancuronium bromide (0.4 mg·kg Ϫ1 ·h Ϫ1 ) was administered to prevent muscular activity from contaminating the SNA recording. At the end of the experiment, we confirmed the disappearance of SNA after an intravenous bolus injection of a ganglionic blocker hexamethonium bromide (60 mg/kg) and recorded the noise level.
Bilateral vagal and aortic depressor nerves were sectioned at the neck to avoid reflexes from the cardiopulmonary region and aortic arch. The carotid sinus regions were isolated from the systemic circulation using previously reported procedures (32, 34) with modifications. Briefly, a 7-0 polypropylene suture with a fine needle (PROLENE; Ethicon, Cornelia, GA) was passed through the tissue between the external and internal carotid arteries, and the external carotid artery was ligated close to the carotid bifurcation. The internal carotid artery was embolized by injecting two to three steel balls (0.8 mm in diameter; Tsubaki Nakashima, Nara, Japan) from the common carotid artery. The isolated carotid sinuses were filled with warmed Ringer solution through catheters inserted into the common carotid arteries. The carotid sinus pressure (CSP) was controlled using a servo-controlled piston pump. Heparin sodium (100 U/kg) was given intravenously to prevent blood coagulation. Body temperature was maintained at ϳ38°C with a heating pad.
Protocols. Some animals showed deterioration of baroreflex responses soon after the completion of the surgical preparation, possibly due to the surgical damage to the carotid sinus nerves or the low brain perfusion after bilateral common carotid occlusion. The baroreflex study described below was conducted only in animals showing persistent baroreflex-mediated SNA, AP, and HR responses for more than 30 min after completion of the surgical preparation.
To estimate dynamic characteristics of the carotid sinus baroreflex, CSP was perturbed for 20 min using a Gaussian white noise (GWN) signal with a standard deviation of 20 mmHg (11, 12) . The whiteness of the input is essential to estimate the system characteristics stably over a frequency range of interest (see APPENDIX). The mean input CSP was set at 120 mmHg in WKY (WKY 120) and SHR (SHR120). Taking into account a priori knowledge that the baroreceptor is reset to a higher pressure range in SHR (2, 24) , the same rats in SHR 120 were also tested at a mean input CSP of 160 mmHg (SHR160). The switching interval of GWN was 500 ms. The resulting input power spectral density was relatively constant up to 1 Hz, which was expected to cover the upper frequency range of interest with respect to the sympathetic arterial baroreflex in rats (31) .
A supplemental protocol was performed in an additional three 18-wk-old male WKY rats to test the effect of changing the mean input CSP on the transfer function estimation. The GWN input was applied with the mean CSP set at 120 mmHg (WKY 120-S) and 160 mmHg (WKY 160-S). Six data sets were analyzed by acquiring two data sets from each rat using GWN signals of different sequences.
Data analysis. Data were sampled at 200 Hz using a 16-bit analog-to-digital converter and stored in a dedicated laboratory computer system. Dynamic characteristics of the baroreflex neural arc, peripheral arc, total baroreflex, and HR control were estimated by a standard open-loop transfer function analysis (see APPENDIX) (20) . Data analysis was started from 120 s after initiation of the GWN input. The input-output data pairs were resampled at 10 Hz, and 12 segments were processed using 50%-overlapping bins of 1,024 points each.
To facilitate understanding of the transfer function, the step response corresponding to the transfer function was calculated as follows. A system impulse response was derived from the inverse Fourier transform of the transfer function. The step response was then obtained from the time integral of the impulse response.
Because the magnitude of SNA varied among animals depending on the recording conditions, SNA was normalized in each animal by assigning unity to the mean dynamic gain for frequencies below 0.03 Hz in the neural arc transfer function, for WKY 120 and SHR120. The following parameters of the transfer functions were compared: dynamic gain values at 0.01, 0.1, and 1 Hz (G 0.01, G0.1, and G1), and the slope of dynamic gain (Gslope) for the frequency range of 0.1 to 1 Hz. Gslope was calculated by a regression analysis between log frequency and log dynamic gain. For step response analysis of the neural arc, the negative peak response (S peak), time to the negative peak (Tpeak), and step response at 10 s (S 10) were calculated. For step response analyses of the peripheral arc, total baroreflex, and HR control, the steady-state response at 50 s (S 50) and initial slope (Sslope) were calculated. To calculate Sslope, a threshold value was determined at 5% S50, and the Fig. 2 . Transfer functions of the baroreflex neural arc from CSP to SNA averaged for WKY120, SHR120, and SHR160 groups. Gain, phase, and coherence plots are shown. In the gain plots, the dashed oblique line indicates the mean slope of the dynamic gain (Gslope) estimated in the frequency range from 0.1 to 1 Hz. Gslope is significantly steeper in SHR160 than in SHR120. Bottom: step responses of SNA calculated from the corresponding neural arc transfer functions. The peak response (Speak) is significantly more negative in SHR160 than in SHR120. In all panels, the bold and thin lines indicate mean and mean Ϯ SE values, respectively. first data point that exceeded the threshold was obtained. Starting from this first data point, a regression analysis was repeated while increasing the number of data points for the regression. The steepest slope thus obtained was defined as S slope.
Statistical analysis. All data are presented as means Ϯ SE. Differences between WKY 120 and SHR120 were tested using unpaired t-test. Differences between SHR120 and SHR160 were tested using paired t-test. Taking into account the duplicated comparisons of the SHR120 data, differences between groups were considered to be significant when P Ͻ 0.05 with Bonferroni correction (i.e., P Ͻ 0.025 and P Ͻ 0.005 were interpreted as P Ͻ 0.05 and P Ͻ 0.01, respectively) (5). In the supplemental protocol, parameters were compared between WKY 120-S and WKY160-S using paired t-test. Figure 1 shows the typical experimental data obtained from an individual rat in the WKY 120 , SHR 120 , and SHR 160 groups. The SHR 120 and SHR 160 data were derived from the same animal. In each group, CSP was perturbed according to a GWN signal, which caused variations in AP, SNA, and HR. The mean AP was significantly higher in SHR 120 than in WKY 120 , confirming hypertension in SHR ( Table 1 ). The mean AP was significantly lower in SHR 160 than in SHR 120 , indicating that increasing the mean CSP enabled the reduction of the mean AP in SHR. The white lines in the SNA plots indicate 2-s moving average signals. Although mean SNA was higher in SHR 120 than in WKY 120 , this comparison could be influenced by the normalization of SNA. The mean SNA in SHR 160 decreased significantly to 74 Ϯ 6% of that in SHR 120 . Although changes in mean HR appeared to parallel the changes in mean AP, there were no significant changes across the groups ( Table 1 ).
RESULTS
The neural arc transfer functions averaged from the WKY 120 , SHR 120 , and SHR 160 groups are shown in Fig. 2 . In the gain plots, G 0.01 approximated unity in WKY 120 and SHR 120 because of the normalization procedure ( Table 2 ). The dynamic gain became greater as the frequency increased above 0.1 Hz. There were no significant differences in G 0.1 , G 1 , and G slope between WKY 120 and SHR 120 . G 0.01 also approximated unity in SHR 160 , although SNA was normalized by the same normalization factor used for the SHR 120 data. While G 0.1 did not differ significantly between SHR 120 and SHR 160 , G 1 and G slope were significantly greater in SHR 160 . The phase plots of three groups were similar: the phase was close to Ϫ radians at 0.01 Hz, deviated slightly toward 0 radians until 0.5 Hz, and then delayed beyond Ϫ radians as the frequency increased above 0.7 Hz. For the step responses, S 10 and T peak did not differ between WKY 120 and SHR 120 or between SHR 120 and SHR 160 . S peak was not significantly different between WKY 120 and SHR 120 but was significantly more negative in SHR 160 than in SHR 120 .
The peripheral arc transfer functions averaged from the WKY 120 , SHR 120 , and SHR 160 groups are shown in Fig. 3 . In the gain plots, the dynamic gain became smaller, as the frequency increased above 0.05 Hz. G 0.01 , G 0.1 , G 1 , and G slope did not differ significantly between WKY 120 and SHR 120 or between SHR 120 and SHR 160 ( Table 2 ). The phase plots of three groups were similar: the phase approached 0 radians at 0.01 Hz and was delayed by Ϫ2 radians as the frequency increased to 1 Hz. For the step responses, S 50 and S slope did not differ between WKY 120 and SHR 120 or between SHR 120 and SHR 160 . Data are presented as means Ϯ SE (n ϭ 7 for WKY and n ϭ 6 for SHR). G0.01, G0.1, and G1, dynamic gain values at 0.01, 0.1, and 1 Hz, respectively; Gslope, slope of dynamic gain between 0.1 and 1 Hz; S50, steady-state response at 50 s; Speak, peak response; Sslope, initial slope; S10, step response at 10 s; Tpeak, time to the negative peak. **P Ͻ 0.01 WKY120 vs. SHR120 by unpaired-t-test with Bonferroni correction. † †P Ͻ 0.01 and †P Ͻ 0.05, SHR120 versus SHR160 by paired-t-test with Bonferroni correction. ‡ ‡P Ͻ 0.01, peripheral arc versus total baroreflex by paired-t-test in each group.
The total baroreflex transfer functions are depicted in Fig. 4 . In the gain plots, the dynamic gain declined as the frequency increased above 0.05 Hz, indicating low-pass characteristics of the AP response to the CSP input. G 0.01 , G 0.1 , G 1 , and G slope did not differ significantly between WKY 120 and SHR 120 or between SHR 120 and SHR 160 ( Table 2 ). The phase plots of three groups were also similar: the phase approached Ϫ radians at 0.01 Hz, reflecting the negative feedback operation attained by the total baroreflex. The phase was delayed as the frequency increased. For the step response, S 50 and S slope did not differ between WKY 120 and SHR 120 or between SHR 120 and SHR 160 . Within-group comparisons using paired t-test indicated that G slope was significantly less negative in the total baroreflex than in the peripheral arc transfer function ( Table 2) .
The transfer functions from CSP to HR are shown in Fig. 5 . In the gain plots, the dynamic gain decreased as the frequency increased. G 0.01 and G 0.1 were significantly smaller in SHR 120 than in WKY 120 (Table 2) . Although G 0.01 did not differ between SHR 120 and SHR 160 , G 0.1 was significantly greater in SHR 160 than in SHR 120 . G 1 was not compared because coherence near zero and the phase with increased scatter suggested poor reliability of the estimated transfer functions above 0.8
Hz. In the phase plots, the phase approached Ϫ radians at 0.01 Hz, indicating that HR responded negatively to the CSP input. For the step responses, both S 50 and S slope were significantly less negative in SHR 120 than in WKY 120 , while S 50 and S slope did not differ significantly between SHR 120 and SHR 160 .
When the carotid sinus baroreflex was virtually closed by adjusting CSP to AP, mean AP (and thus mean CSP) in WKY was close to 120 mmHg and that in SHR was near 160 mmHg ( Table 3 ). The mean HR and SNA in WKY under the baroreflex closed-loop conditions, however, seemed higher than those observed in WKY 120 . Similarly, the mean HR and SNA in SHR seemed higher than those observed in SHR 160 .
Data obtained from the supplemental protocol were summarized in Fig. 6 and Table 4 . The gray lines indicate transfer functions derived from WKY 120-S , while the black lines indicate those derived from WKY 160-S . In the neural arc transfer function, dynamic gain values below 0.1 Hz tended to be lower in WKY 160-S than in WKY 120-S . G slope did not differ between WKY 120-S and WKY 160-S . In the neural arc step response, S peak did not differ significantly, and S 10 was marginally attenuated in WKY 160-S (P ϭ 0.06). In the peripheral arc, parameters of the transfer function did not differ statistically between Fig. 3 . Transfer functions of the baroreflex peripheral arc from SNA to AP averaged for WKY120, SHR120 and SHR160 groups. Gain, phase, and coherence plots are shown. The dashed oblique line in the gain plot indicates Gslope. There is no significant difference in Gslope between WKY120 and SHR120 or between SHR120 and SHR160. Bottom: step responses of AP calculated from the corresponding peripheral arc transfer functions. The dashed oblique line in the step response indicates the initial slope (Sslope) of the step response. There were no significant differences in Sslope. In all panels, the bold and thin lines indicate mean and mean Ϯ SE values, respectively. WKY 120-S and WKY 160-S . In the peripheral arc step response, S slope was significantly gentler in WKY 160-S . In the total baroreflex, although parameters of the transfer function did not differ statistically between WKY 120-S and WKY 160-S , parameters of the step response, S 50 and S slope , were significantly attenuated in WKY 160-S .
DISCUSSION
In the present study, we comprehensively identified the open-loop transfer functions of the neural arc, peripheral arc, and total baroreflex in SHR using the normotensive WKY as a reference. Despite significant resetting of the baroreflex, the dynamic characteristics of AP regulation in SHR were comparable to those of WKY, except for a slight augmentation of the derivative characteristics of the neural arc at higher pressure input in SHR. On the other hand, the transfer function related to sympathetic HR control was significantly depressed in SHR compared with WKY.
Neural arc transfer function in SHR. The neural arc transfer function showed derivative characteristics in both WKY and SHR (Fig. 2) , consistent with the findings of Harada et al. (7) . The present results, however, differ slightly from the previous report in the following aspect. We demonstrated that G 1 and G slope were significantly greater, and S peak was significantly more negative in SHR 160 than in SHR 120 , indicating that higher pressure input enhanced the derivative characteristics in SHR. This was not simply an effect of the higher pressure input, because the higher pressure input did not increase G 1 , G slope , or S peak in WKY (Fig. 6) .
Both mechanosensory transduction at baroreceptors and central processing from baroreceptor afferent nerve activity to efferent SNA contribute to the generation of the derivative characteristics of the neural arc (16) . According to a study by Brown et al. (1) , the frequency response characteristics of aortic nerve discharge are similar between WKY and SHR in the frequency range of 0.1 to 20 Hz. Although direct comparison is difficult, the present results seem to be in line with their findings. Despite significant resetting in the static characteristics (24) , dynamic characteristics of the carotid sinus baroreceptor transduction may not change appreciably in SHR.
Peripheral arc transfer function in SHR. There were no significant differences in the parameters of the peripheral arc transfer function between WKY and SHR ( Fig. 3 and Table 2 ). A major neurotransmitter at the sympathetic nerve Fig. 4 . Transfer functions of the total baroreflex from CSP to AP averaged for WKY120, SHR120, and SHR160 groups. Gain, phase, and coherence plots are shown. The dashed oblique line in the gain plot indicates Gslope. There is no significant difference in Gslope between WKY120 and SHR120 or between SHR120 and SHR160. Bottom: step responses of AP calculated from the corresponding total baroreflex transfer functions. The dashed oblique line in the step response indicates the Sslope. There were no significant differences in Sslope. In all panels, the bold and thin lines indicate mean and mean Ϯ SE values, respectively. endings is norepinephrine. The peripheral arc transfer function may thus reflect the combined dynamic properties of norepinephrine kinetics at the neuroeffector junction and the effector response to adrenergic stimulation (13) . Neuronal uptake and ␣-adrenergic autoinhibition of norepinephrine operate to the same extent during electrical stimulation of the spinal cord in both SHR and WKY (36) . Although norepinephrine uptake abnormalities have been reported in SHR (27, 28) , the present results indicate that in this model, the influence of altered norepinephrine kinetics on the overall dynamic characteristics of the peripheral arc may be limited.
In pithed rats, pressor response to electrical stimulation of the spinal cord is greater in SHR than in WKY (21, 36) . Pressor response to norepinephrine or epinephrine is also enhanced in SHR (36) . While the maximum pressor response to methoxamine is greater in SHR than in WKY, the pressor response to submaximal doses of methoxamine is attenuated in SHR (21) . The present results suggest that the dynamic characteristics of the peripheral arc are not remarkably different between WKY and SHR despite possible differences in vascular sensitivity to adrenergic stimulation.
Total baroreflex transfer function in SHR. There were no significant differences in the parameters of the total baroreflex transfer function between WKY and SHR (Fig. 4, Table 2 ), even though AP was significantly higher in SHR than in WKY. In contrast, the step response of the total baroreflex was significantly attenuated in WKY 160-S than in WKY 120-S (Fig. 6 , Table 4 ), indicating that the preservation of the total baroreflex function at the higher pressure input may be unique to SHR. In each of the WKY 120 , SHR 120 , and SHR 160 groups, G slope was significantly less negative in the total baroreflex than in the corresponding peripheral arc, suggesting an improvement of dynamic gain in the higher-frequency range of 0.1 to 1 Hz. The Data are presented in means Ϯ SE (n ϭ 7 for WKY and n ϭ 6 for SHR). bpm, beats per minute; au, arbitrary unit. **P Ͻ 0.01 by unpaired-t-test. neural arc may thus serve as an accelerating mechanism to improve the dynamic AP regulation in both WKY and SHR. Because G slope in the neural arc was significantly greater in SHR 160 than in SHR 120 and G slope in the peripheral arc did not differ between the two groups, G slope in the total loop is expected to be less negative in SHR 160 . This difference was not detected statistically, however, probably because an increase of G slope by 2.4 dB/decade in the neural arc was partially offset by a decrease of G slope by 1.4 dB/decade in the peripheral arc.
The well-preserved total baroreflex transfer function in SHR is in marked contrast to the significant depression of total baroreflex transfer function in chronic heart failure rats after myocardial infarction (12) . Osborn (26) has demonstrated that sinoaortic denervation does not chronically increase mean AP in SHR, suggesting that the arterial baroreflex does not contribute much to the chronic regulation of mean AP in SHR. Nevertheless, the present results imply that the arterial baroreflex in SHR is still important for attenuating acute disturbances in AP.
Transfer function of HR control. In contrast to the total baroreflex transfer function, the transfer function of HR control showed significant depression in dynamic gain in SHR. Although the decreased baroreflex-mediated HR response is primarily attributed to a defect in parasympathetic control (29) , the present results obtained in vagotomized rats indicate that the dynamic sympathetic control of HR may also be depressed in SHR. Despite the significant alteration in the sympathetic HR control, the total baroreflex transfer function did not differ between WKY and SHR, suggesting little contribution of HR to the determination of dynamic AP regulation. The lack of significant effect of HR on the dynamic AP regulation is consistent with the findings in rabbits (13, 25) .
Baroreflex closed-loop conditions. In the present experimental settings, the baroreflex could be virtually closed by adjusting CSP to AP. The closed-loop operating AP (Table 3) provides a rationale for the selection of the mean input pressure of CSP. When CSP was perturbed around the operating-point pressure, however, mean SNA and AP usually decreased (10) . The phenomenon may be related to the input pulsatility and the effect of input amplitude (3, 17, 35) . Mean SNA and AP are expected to decrease as the input amplitude of CSP perturbation increases when the mean CSP is lower than the midpoint of the inverse sigmoidal curve characterizing the CSP-SNA relationship. Limitation. First, we performed the experiments in anesthetized rats, which might have affected the estimation of baroreflex function. However, since we compared the baroreflex dynamic characteristics between WKY and SHR under the same anesthetic procedures, the interpretations of the present results may be reasonable. Second, although we examined splanchnic SNA as a representative of systemic SNA, the dynamic characteristics of SNA response could vary in different neural districts (15) . Nevertheless, the derivative characteristics of the neural arc in SHR were also evident even when renal SNA was evaluated (7) . Third, we occluded the common carotid arteries to isolate the carotid sinuses. Although the vertebral arteries were preserved, we cannot rule out the possibility that the carotid occlusion might have affected the present results. Finally, we transected the vagal nerves to obtain baroreflex open-loop conditions. Further studies are needed to clarify the role of the vagal system in dynamic cardiovascular regulation. Especially, the dynamic HR control may vary greatly in the presence or absence of the vagal efferent nerves (22) .
In summary, the neural arc transfer function retained the derivative characteristics in SHR. The peripheral arc and total baroreflex transfer function did not differ significantly between SHR and WKY, suggesting that dynamic AP regulation was well preserved in SHR. In contrast, the dynamic sympathetic HR control seemed significantly attenuated in SHR compared with WKY.
Perspectives and Significance
The arterial baroreflex has been considered to play a minor role in the long-term AP regulation, since denervation of baroreceptor-afferent fibers does not result in a long-lasting hypertension (4, 6) . Recent findings, however, indicate that the stimulation of baroreceptor afferent fibers may reduce SNA and AP for a longer period (19) . A carotid baroreceptor stimulator has been explored as an alternative therapy for multiple drug-resistant hypertension (8) . The device, however, does not seem to take the dynamic characteristics of AP regulation into account and delivers a prescribed stimulation. Ideally, such devices should be activated on a necessary basis, i.e., depressor and pressor function should operate only in the face of hypertensive and hypotensive events, respectively. Understanding of the dynamic characteristics of AP regula- HOpen) and those estimated using closed-loop baseline data without exogenous perturbations (black lines, HClosed) in the same rat. The transfer functions estimated using closed-loop baseline data do not usually extract the dynamic characteristics of the baroreflex neural and peripheral arcs precisely (see APPENDIX for details).
tion in physiological and pathological conditions will contribute to designing an intelligent controller system of such devices (14, 33) .
APPENDIX
Consideration on open-loop systems analysis. If a standard transfer function analysis is applied to closed-loop baseline data without exogenous perturbations, the resultant transfer function cannot usually extract open-loop system characteristics precisely. Fig. 7 represents neural and peripheral arc transfer functions estimated using open-loop data with an exogenous CSP input (the gray lines, H Open) and those estimated using closed-loop baseline data without exogenous perturbations (the black lines, H Closed) in the same rat. In the gain plot of the neural arc, although HClosed reveals derivative characteristics, they are much more exaggerated than those seen in HOpen. The phase plot of HClosed does not reflect the inverse relation between CSP and SNA below 0.1 Hz. In the gain plot of the peripheral arc, dynamic gain values below 0. 
Note that the inherent noise in SNA can affect AP through the baroreflex peripheral arc. Under baroreflex closed-loop conditions, CSP is inevitably influenced by AP and thus by the inherent noise in SNA. In other words, N(ƒ) and CSP(ƒ) are no longer independent once the baroreflex is closed. In this situation, H N(ƒ) has to be calculated as
Applying Eq. A3 instead of Eq. A4 is one of the reasons for the dissociation between H Closed and HOpen. Unfortunately, Eq. A4 cannot be used ordinarily for analyzing the closed-loop data because N(ƒ) is unknown.
Another important issue is that Eq. A3 can be ill posed if the denominator is close to zero. In other words, CSP needs to have sufficient power spectral densities at all the frequencies of interest. If there are no sufficient inputs at specific frequencies, there is no way to identify the system characteristics at those frequencies without any assumption or a priori knowledge about the system. The white noise input, which is rich in frequency components, meets the conditions required to stably solve the Eq. A3.
